Abstract: Sugar maple (Acer saccharum) forests are among the main forest types of eastern North America. Sugar maple stands growing on Appalachian soils of the Lower St-Lawrence region are located at the northeastern limit of the northern hardwood forest zone. Given the biogeographical position of these forests at the edge of the boreal biome, we aimed to reconstruct the fire history and document the occurrence of temperate and boreal trees in sugar maple sites during the Holocene based on soil macrocharcoal analysis. Despite having experienced a different number of fire events, the fire history of the maple sites was broadly similar, with two main periods of fire activity, i.e., early-to mid-Holocene and late-Holocene. A long fire-free interval of at least 3500 years separated the two periods from the mid-Holocene to 2000 years ago. The maple sites differ with respect to fire frequency and synchronicity of the last millennia. According to the botanical composition of charcoal, forest vegetation remained relatively homogenous during the Holocene, except recently. Conifer and broadleaf species coexisted in mixed forests during the Holocene, in phase with fire events promoting the regeneration of boreal and temperate tree assemblages including balsam fir (Abies balsamea) and sugar maple.
Introduction
Deciduous and mixed forests of the temperate zone of eastern North America are ecosystems rarely impacted by fire [1] . Occasional fires caused by Euro-American settlers and aboriginal populations were reported for New England, southern Quebec and Ontario [2] [3] [4] [5] [6] [7] [8] [9] , whereas natural fires were seldom recorded over the last millennia and centuries [5, 10, 11] .
Until recently, northern sugar maple (Acer saccharum Marsh.) forests were considered ecosystems maintained at equilibrium [12] under the regime of canopy-gap dynamics [13] [14] [15] . However, field evidence suggests that sugar maple is adapted to various sun-and-shade regeneration environments [16] associated with logging [17] [18] [19] , abandoned fields [20] , and fire [21] [22] [23] . The rise and dominance of sugar maple communities deduced from pollen data have been associated with reduced fire activities, particularly during the mid-Holocene [24] [25] [26] [27] . Although realistic on biogeographical grounds, the fire/sugar maple connection during the Holocene as reported from pollen and microcharcoal data remains to be tested with direct evidence from botanically-identified macrofossil data including macrocharcoal. Given that macrocharcoal of sugar maple and other hardwood species as well as conifer species can be identified at the genus if not the species level, Figure 1 . Location of SNR (Nicolas-Riou Seigneury) and RFD (Duchénier Faunal Reserve) sugar maple sites (red dots), and the other Rivière-Éternité (RIÉ) [23] , Villeroy (VIL) and Ste-Françoise (STF) [30] sugar maple sites (red squares). Table 1 . Principal species growing in the current sites of the Nicolas-Riou Seigneury (SNR) and the Duchénier Faunal Reserve (RFD) sugar maple forests. The "x" symbol indicates the presence of the species. The entire surface of both 0.1 ha plots was surveyed. Species that were noticed outside the plots but in the same stand were also recorded as present. The even-aged sugar maple stand of the Duchénier Faunal Reserve (RFD, 48°04′35″ N, 68°40′22″ W) is situated 300 m a.s.l., and located on a low northwest slope (5°). The organic horizon is relatively thick (9.8 ± 3.7 cm), with a pH of 4.5. The FH and H horizons (~3 cm) are present in 85% and 80% of Figure 1 . Location of SNR (Nicolas-Riou Seigneury) and RFD (Duchénier Faunal Reserve) sugar maple sites (red dots), and the other Rivière-Éternité (RIÉ) [23] , Villeroy (VIL) and Ste-Françoise (STF) [30] sugar maple sites (red squares). Table 1 . Principal species growing in the current sites of the Nicolas-Riou Seigneury (SNR) and the Duchénier Faunal Reserve (RFD) sugar maple forests. The "x" symbol indicates the presence of the species. The entire surface of both 0.1 ha plots was surveyed. Species that were noticed outside the plots but in the same stand were also recorded as present. , and located on a low northwest slope (5 • ). The organic horizon is relatively thick (9.8 ± 3.7 cm), with a pH of 4.5. The FH and H horizons (~3 cm) are present in 85% and 80% of the subplots, respectively. The podzolic B horizon is also a clay loam with a pH of 5.5. This stand is a secondary, anthropogenic forest (Table 1) formed after a clear-cut in 1942 and tree thinning in 1997. Data from the first land survey in 1870 indicates that the site was occupied by a mixed forest where balsam fir was the dominant tree species [31] . In 1930, foresters of the Price Brothers Company surveyed two plots at this site. Paper birch and balsam fir were identified as the dominant tree species in the two plots with maple (sugar maple and/or red maple) as companion species [32] .
Layer

Field Sampling and Sample Treatment
The two sites were sampled in 2013. Charcoal sampling included 25 microsites distributed within a rectangular plot of 1000 m 2 (20 m × 50 m), with 22 of the microsites positioned along the upper and lower lines and the other three microsites at the center of the plot. A 20 cm × 20 cm sample of the organic horizon (monolith), from the soil surface to the uppermost part of the mineral soil, was used for charcoal extraction at each microsite. After sampling the organic horizon at each microsite, two superposed mineral soil cores were taken with a soil corer, allowing the extraction of 750 cm 3 of soil. The corresponding cores A and B were sampled at a depth of 0-15 cm and 15-30 cm from the mineral soil surface, respectively. The organic samples and the mineral cores (A and B samples of the 25 microsites) were immersed in a 2%-5% solution of NaOH for at least 12 h (or boiled for 15 min) to disperse the soil aggregates and to eliminate the organic matter during screening. Each sample was sieved under running water using 2 mm and 4 mm mesh screens. Charcoal pieces >2 mm, corresponding to local charcoal formed in situ and deposited in the sampling sites and not transported over long distances [33] , were extracted manually under a binocular microscope and dried at room temperature. When charcoal fragments of the organic samples were particularly abundant, a maximum of 100 pieces were selected among which 30 were selected at random for botanical identification. The selected fragments were sectioned to examine the anatomical planes under an incident light microscope at 200× and 500×. The identification criteria based on wood anatomy [34] [35] [36] as well as the charcoal collection of the Centre d'études nordiques (Université Laval, Québec, QC, Canada) were used for the botanical identification of all charcoal pieces at the genus level, and the species level when possible. The largest parenchyma rays of charcoal fragments identified as Acer saccharum are seven to eight cells wide, whereas fragments identified as Acer sp. have narrower parenchyma rays. According to lab observations, sapling and small branch wood do not produce large rays as in mature sugar maple material. Therefore, small stems of sugar maple cannot be differentiated from soft maples. A number of charcoal fragments display a lamellar form. On these fragments, two of the three anatomical planes are too narrow for proper identification although spiral thickenings, a structure present in vessel elements of maple species, are usually visible. Unidentified shrubs of the Betulaceae family may include Corylus cornuta Marsh., Alnus sp., Ostrya virginiana (Mill.) K. Koch or Betula shrub.
Charcoal Dating and Fire History
The selection of charcoal fragments (minimal weight of 1.5 mg, ideally 5 mg) for 14 C dating (accelerator mass spectrometry (AMS) method) was done according to the species or genus present in the sites and the location in the two plots. Only one charcoal fragment of a given species per core (i.e., cores A and B) was retained for dating. The selection of charcoal fragments was also based on equal representation of the main tree species distributed in the surface and mineral soil compartments. The selected fragments were pretreated to CO 2 in the 14 C laboratory of the Centre d'études nordiques and dated either at the Keck Carbon Cycle AMS Facility (University of California, Irvine, California, USA) or at the Center for Applied Isotope Studies (University of Georgia, Athens, GA, USA). Calib7.02 software [37] and the databases IntCal13 [38] were used for the calibration of the 14 C dates in calendar years. For each 14 C date (±2 σ), the distribution of the calendar ages and their associated probabilities were considered for calibration. Because of the changing concentration of 14 C in the atmosphere caused by solar activity [39] , the distribution of the calendar ages is often divided in multiple probabilistic states (age intervals). The mean year of the interval having the highest probability was determined as the calendar age of each radiocarbon-dated charcoal. Sixty-five years were added to the standard 0 year BP (1950 AD) to present the results in calendar years before 2015 AD. 14 C dates with overlapping calendar years within the highest probability interval were considered as originating from the same fire. Tree-ring dating (based on the collar age of >10 trees in the RFD site; [40] ) and 14 C dates of charcoal were used concurrently to date the most recent fires (≤200 cal. BP).
Given the peculiar distribution of charcoal in the forest environment affected by blowdowns and other soil disturbance events that are altering the original soil stratigraphy, it is thus necessary to date the greatest number of fragments in order to record all the fires that occurred at the site [29] . It is common practice to use an indirect method to evaluate the total number of fires that occurred at a site, because it is not possible to date all the fragments (and the fires) accumulated in the site since initial postglacial establishment of forest trees. The random sampling of charcoal fragments does not guarantee that all fires are detected, so the construction of an accumulation curve is useful to evaluate whether the number of detected fires corresponds to the number of all the fires that occurred at the site. The accumulation curve indicates the number of fires detected according to the number of charcoal fragments dated. When reaching an asymptote, the accumulation curve then suggests that most of the local fires are theoretically detected. The accumulation curve of the two sites was calculated with the accumresult function using the random method of the BiodiversityR package in the R software [41, 42] . This function plots 100 accumulation curves by random resampling of the 14 C dates of each site. An evaluation of the total number of theoretical fires at each site was done using the nonlinear regression:
where F(n) is the number of fires and n the number of dated charcoal. F(max) is the factor controlling the flattening of the negative exponential curve that is considered as the estimate of the real number of fires (asymptote) [28, 29, 43] . k is the constant controlling the shape of the curve.
Results
Charcoal Species of the Nicolas-Riou Seigneury Site
Charcoal fragments were recovered from the organic soil horizon of 16 out of the 25 microsites. About 25% of the pieces are conifers, mostly balsam fir, eastern white cedar and spruce (Picea sp.) ( Table 2 ). More than half of the fragments are broadleaf species. Birch (Betula sp.) is the main taxon dominating the organic compartment with more than 60 pieces, but >50% of the pieces were found in one microsite. Thirty-three sugar maple pieces and three fragments of maple (either red maple, shrub maples or small branches of sugar maple) were extracted from one microsite. The distribution of broadleaf charcoal of the organic compartment is thus heterogeneous at the site scale. At least 20% of charcoal pieces of the organic compartment were not identified because of vitrified conditions, mineral coatings or amorphous structure (bark and pith pieces). Six out of the 10 monoliths contain charcoal predominantly located at the contact with the uppermost mineral horizon or in the lower part of the monoliths.
A total of 211 macrocharcoal pieces were recorded in the mineral soil, including 154 (73%) and 57 (27%) pieces extracted from A and B cores, respectively. About 50% of the macrocharcoal was located in one microsite, whereas the remaining 50% was in the other microsites. No sugar maple charcoal was found in the mineral soil. However, spiral thickenings observed in two pieces of unidentified broadleaf charcoal suggest the possible presence of sugar maple. Except for some shrub pieces (possibly Corylus cornuta) and maples, most charcoal fragments are birch wood. It is worth noting, however, that 27 out of the 35 birch charcoal pieces are located in one microsite, possibly coming from the same individual.
Among the conifer charcoal, spruce, balsam fir and eastern white cedar were identified. Twenty-nine pieces of bark, or charcoal pieces without secondary xylem, also were recorded. Table 2 . Number, average weight, and identification of the charcoal pieces of the Nicolas-Riou (SNR) and the Duchénier (RFD) sugar maple forests. The number of microsites that contained charcoal of a given group either in the mineral core and/or in the organic monolith, is indicated in the n microsite column. Sixteen and 24 of the 25 microsites sampled contained charcoal at SNR and RFD, respectively. 
Charcoal
Fire Periods
Eleven fires were identified from the charcoal assemblage, including five fires that occurred between 9500 and 5000 cal. BP, at an interval varying between 590 and 1860 cal. years (mean interval of 1135 ± 550 cal. years) (Table 3, Figure 2 ). A fire-free period of 3600 cal. years occurred between 5000 and 1400 cal. BP. According to the range of overlapping cal. years, at least four if not six fires were recorded in the late Holocene, between 1400 and 900 cal. BP, with a corresponding mean interval of 100-125 cal. years. No fires were detected since approximately 900 cal. BP; we can infer that the present maple forest site is growing without the influence of fire since that period. The oldest fires were recorded from macrocharcoal buried in the mineral compartment. According to the accumulation curve, the number of detected fires corresponds to the number of estimated fires (Figure 3 ).
Macrocharcoal Assemblage
The five fires of the oldest fire period are each represented by one charcoal fragment, i.e., spruce, broadleaf species, and unidentified conifer (Table 3) . Macrocharcoal taxa of the recent fire period are birch, spruce and balsam fir. The only dated sugar maple charcoal is located at the interface between the organic horizon and the upper part of the mineral solum, and comes from a fire dated 1185 cal. BP. The species was part of a mixed forest along with Canada yew (Taxus canadensis), balsam fir, spruce and Corylus cornuta. Charcoal fragments produced by a 1095 cal. BP fire were part of a forest flora dominated by conifers (balsam fir and unidentified conifers) and broadleaf species including maple (shrub or sugar maple branch) and birch, whereas the two most recent fires (1000 and 900 cal. BP) burned conifer trees and possibly broadleaf trees. 
Charcoal Species of the Duchénier Faunal Reserve Site
Twenty-three out of the 25 organic horizons contain charcoal. At least 56% of the charcoal from the organic compartment is conifers, 21% broadleaf pieces and 21% unidentified fragments or bark, pith or fungi (Table 2) . Spruce, balsam fir and eastern white cedar are among the conifers identified. Half of the 62 birch pieces were located in one monolith, and 19 maple and two sugar maple charcoal pieces were also recorded in the organic compartment. Several charcoal pieces show a lamellar structure with only one anatomical plan, where it is however possible to observe spiral thickenings in the vessel elements possibly corresponding to maple charcoal. A small number of charcoal fragments corresponds to Corylus cornuta. The number of charcoal fragments in the 10 monoliths varies from 1 to more than 100. However, most fragments are located at the contact with the mineral solum and in the basal part of the organic horizon. Twenty-four and 15 charcoal pieces were extracted from the A and B cores, respectively. Two to six pieces were present in each mineral core, and despite their low representation, charcoal fragments of the mineral cores were well distributed in the plot. Pieces of broadleaf species include one birch, one sugar maple and five Betulaceae shrubs (Table 2) . Nineteen pieces of spruce, balsam fir and eastern white cedar were also inventoried. . The sum of probabilities in gray shading corresponds to the time intervals (with the highest probability) of fire dates. Each x symbol indicates the occurrence of a fire event centered on the mean of the greatest probability interval of one or several radiocarbon dates. The number of superposed x symbols between 1400 and 900 cal. BP in (a) correspond to minimum (4x symbols) and maximum (6x symbols) fires as deduced from the probability distribution of cal. years and range of overlapping cal. years.
Fire Periods
Seventeen fires were identified over the last 9700 years. Twelve fires occurred between 9700 and 5600 cal. BP, at an interval varying between 160 and 800 cal. years (mean interval of 375 ± 280 cal. years) (Table 4, Figure 2) . A fire-free period of 3700 cal. years followed the last mid-Holocene fire, from 5600 to 1900 cal. BP. Five fire events were recorded over the last 1900 cal. years, at a mean interval of 350 ± 370 cal. years. According to the accumulation curve of all the dated macrocharcoal fragments, a difference of three fires has been found between the number of detected fires and the number of estimated fires (Figure 3 ).
Macrocharcoal Assemblage
The oldest fires are represented by vitrified conifer charcoal (including spruce) and shrubs of the Betulaceae family (Table 4) . Birch and balsam fir are recorded in the charcoal assemblage around 7000 and 6000 cal. BP. The sole buried sugar maple charcoal was dated 5600 cal. BP, and confirms the presence of the species during the mid-Holocene. Fires of the last 1900 cal. years are represented by birch, shrubs of the Betulaceae family and Corylus cornuta charcoal. Balsam fir, eastern white cedar and spruce are also present and relatively abundant. Lamellar charcoal fragments, indicative of broadleaf species, including sugar maple, and dated 650 cal. BP, suggest the presence of the latter species in the recent past. . The sum of probabilities in gray shading corresponds to the time intervals (with the highest probability) of fire dates. Each x symbol indicates the occurrence of a fire event centered on the mean of the greatest probability interval of one or several radiocarbon dates. The number of superposed x symbols between 1400 and 900 cal. BP in (a) correspond to minimum (4x symbols) and maximum (6x symbols) fires as deduced from the probability distribution of cal. years and range of overlapping cal. years.
Fire Periods
Macrocharcoal Assemblage
The oldest fires are represented by vitrified conifer charcoal (including spruce) and shrubs of the Betulaceae family (Table 4) . Birch and balsam fir are recorded in the charcoal assemblage around 7000 and 6000 cal. BP. The sole buried sugar maple charcoal was dated 5600 cal. BP, and confirms the presence of the species during the mid-Holocene. Fires of the last 1900 cal. years are represented by birch, shrubs of the Betulaceae family and Corylus cornuta charcoal. Balsam fir, eastern white cedar and spruce are also present and relatively abundant. Lamellar charcoal fragments, indicative of broadleaf species, including sugar maple, and dated 650 cal. BP, suggest the presence of the latter species in the recent past. 
Discussion
The charcoal data of the sugar maple sites allow us to reconstruct the fire history of a section of the Appalachian uplands of the Lower St. Lawrence region where 11 and 17 fire events were recorded in two sites during the Holocene, respectively. According to the accumulation curves, it is possible that our sampling missed a small number of fires. At both sites, a greater number of charcoal pieces was found in the organic compartment than in the mineral soil. The oldest charcoal pieces were located in the mineral compartment, but a 1435 cal. years old charcoal piece was found buried in the organic horizon of the Nicolas-Riou site (Old-growth site). Vitrified or altered charcoal fragments were among the oldest fragments dated. The internal structure of altered charcoal is probably associated with long-term chemical processes occurring in the mineral spodic horizons. Despite the difference in the number of fire events, the overall fire history of both sites is relatively similar. At the Nicolas-Riou site, fire events occurred during two well-bracketed periods of the Holocene, the oldest between 9500 and 5000 cal. BP and the most recent between 1400 and 900 cal. BP, the two periods being separated by a long quiescent, fire-free interval of 3600 cal. years. The pattern of fire frequency at the Duchénier site (even-aged site) is similar to that of the Nicolas-Riou site. The oldest fire period extended from the early Holocene to mid-Holocene, from 9700 to 5600 cal. BP, and the most recent fire period spanned the last 1900 cal. years. A long fire-free interval of 3700 cal. years also separated the two fire periods, which suggests that the millennia succeeding the mid-Holocene were rather favorable for the prevalence of fire-free forest conditions. The most important difference between the two sites is the contrasting fire history of the last 2000 cal. years. The Nicolas-Riou site experienced several fires between 1400 and 900 cal. BP and none during the last 900 years, whereas the Duchénier site was impacted by several fires over the last 1000 cal. years.
According to recently published reports and this study, fires were frequent in the early Holocene in the current maple sites distributed across southern Quebec according both to macrocharcoal [23, 27, 30] (Figure 4 ) and micro-and mesocharcoal [25] data. The mid-Holocene was a period less-prone to fire occurrence both in the study area and the areas close to our Appalachian sites in the Saguenay [23] and the Quebec City [30] areas. In southernmost Quebec, Elkadi [25] suggested declining fire occurrence at that time-as deduced from microcharcoal and pollen of Mégantic lake sediments-to be the result of the arrival and expansion of sugar maple forests which are thought to reduce fire propagation. Forests of broadleaf trees are generally less susceptible to burn and to propagate fire over large areas because of the stem architecture of dominant tree species that prevent fire from expanding vertically, the fuel type produced including litter and ground vegetation. Except for the influence of recent man-made disturbances, which were probably important locally, the early and late Holocene of the Appalachian uplands represent periods of relatively moderate fire activity before and after the long fire-free interval of the mid-Holocene. The fire events of the two Appalachian sites were not synchronized although they occurred mainly during the early and late Holocene which most likely were climatically fire-prone periods.
The fire regime of both sites has been characterized by mean fire intervals of 600 (RFD) and 800 (SNR) cal. years during the last 10,000 cal. years. These figures are means with large standard deviations which, no doubt, are less significant ecologically if one only considers the aggregation of fire events during the two main fire periods. Nevertheless, the mean fire intervals do suggest the development of fire-free forest communities that have been relatively stable and uniform during several thousand years, a situation less prone to the establishment of postfire pioneer species at the landscape scale. It is only when repetitive fires occur that the latter species invade forest landscapes, as has been the case in the St. Lawrence valley during the last 2000 years and the historic period of the last centuries [17, 19, 44] . Frequent fires (every 100-125 cal. years) occurred at the Nicolas-Riou site between 1400 and 900 cal. BP, inducing stand dynamics different to the fire-free situation that prevailed after, for about 900 cal. years. The vegetation cover of the Appalachian uplands was probably forming a mosaic of old-aged, postfire stands possibly impacted by occasional insect outbreaks and wind storms. The Nicolas-Riou site thus represents an example of old-growth forest likely maintained by the process of canopy-gap dynamics. In contrast, the Duchénier sugar maple forest has been impacted by several fires over the last centuries and clear cutting in the 20th century. [30] ; RIÉ, [23] .
It is possible that most fires recorded in the Rimouski area were small in extent, but no paleoecological evidence exists to support this contention. Although the type of fire that occurred in the two sites is unknown, it is probable that surface fires were the main type of disturbance. Forests with hardwood species are less likely to propagate fire due to the greater humidity of the forest cover and the discontinuity of fuel between the soil and the crown. Furthermore, the rather scarce charcoal record of sugar maple and other hardwood species having similar architectural branching may be attributed, at least in part, to the impact of surface fires. Charcoal production in boreal conifers (spruce, fir, cedar) is facilitated by their architecture which includes the formation and long-term residence of branches along the stem, particularly near the ground.
With these reservations in mind, the charcoal assemblage suggests that a mixed forest composed of conifers and broadleaf species likely prevailed between 9500 and 5000 cal. BP in the Nicolas-Riou site. Much later, during the late Holocene, a conifer forest dominated by balsam fir and spruce, and accompanied by birch, a birch-balsam fir forest (it is not possible to distinguish yellow birch and paper birch with current anatomical characters), grew at the site around 1400 cal. BP. Sugar maple was also present at this site at 1300-1200 cal. BP. It is probable that a conifer forest was maintained at the site until at least 900 cal. BP. The present forest is a sugar maple-yellow birch-balsam fir stand that developed progressively from a boreal flora dominated by fir and spruce.
The Duchénier site was also occupied by a mixed forest dominated by fir, spruce and birch between 9700 and 5800 cal. BP. The arrival of sugar maple at the site at least 5600 cal. BP emphasizes the «warm» affinity of the forest. No data are available on the tree composition of the site during the following ca. 3600 cal. years, and until 2000 cal. BP when fire again burned the site. A mixed forest [30] ; RIÉ, [23] .
The Duchénier site was also occupied by a mixed forest dominated by fir, spruce and birch between 9700 and 5800 cal. BP. The arrival of sugar maple at the site at least 5600 cal. BP emphasizes the «warm» affinity of the forest. No data are available on the tree composition of the site during the following ca. 3600 cal. years, and until 2000 cal. BP when fire again burned the site. A mixed forest composed of conifers, including balsam fir and eastern white cedar, and broadleaf species, i.e., birch and sugar maple among others, grew at the site until at least 200 years ago. Both the conifer (and bark of unknown origin) charcoal fragments produced during the last fire and the unburned and uncut woody debris [40] suggest the presence of a conifer forest. Field relevés of the Price Brothers Company in 1930 [32] report the dominance of paper birch accompanied by maple and balsam fir. The composition of the present postfire/postcut forest differs from the prefire/precut forest given that it is dominated by sugar maple accompanied by yellow birch and white spruce.
When considering the floristic composition of both charcoal assemblages, mixed birch-balsam fir forests prevailed during the Holocene. Pollen data [45] also concluded on the persistence of the same tree species in the nearby Témiscouata (and Kamouraska) region where only minor vegetational changes occurred during the Holocene. The pollen curve of sugar maple west of the Rimouski area, in the Témiscouata uplands, shows the species occurrence early in the Holocene, at ca. 7200 cal. BP, if not earlier at 8500-9000 cal. BP [45] . It is probable that the species also arrived in the area south of Rimouski during the same period [46] . Were there any sugar maple forests in the study area during the long fire-free period between 5000 and 2000 cal. BP? Because of the lack of macrofossil data, it is not possible to assess the regional distribution of sugar maple forests despite favorable local and climatic conditions which most likely prevailed during this period. However, Richard et al. [45] suggest that sugar maple was more abundant during the mid-Holocene. Their conclusions on the development of the Appalachian vegetation, near our forest sites, are that forest communities were relatively stable during the Holocene, except during the initial phase of postglacial colonization. South of the study area, Elkadi [25] suggests a close relationship between the rise and expansion of sugar maple forests deduced from pollen and the reduced fire frequency (from microcharcoal) during the mid-Holocene.
According to the charcoal assemblages, sugar maple was a secondary, companion species, except at present. It is now the dominant species in the two study sites. At the Nicolas-Riou site, neither the conditions nor the moment of the shift of the millennial mixed birch-fir forest to the present sugar maple forest can be identified. Anthropogenic disturbances have not modified the course of forest succession in the past, explaining why the forest developed freely during the last 900 years. In this area where sugar maple forests are at their north-eastern range limit, the factors responsible for the balsam fir-sugar maple forest shift are unknown. However, demographic processes of the two tree species associated with canopy-gap dynamics may have played a structuring role in the alternating dominance of one species to the other with time. Both sugar maple and balsam fir are able to regenerate after fire and cutover in the Rimouski area according to surveys of stands regenerated after a 1932 fire [47] . Sugar maple and yellow birch colonize uphill sites after fire, whereas postfire balsam fir stands either accompanied by yellow birch or paper birch are distributed in mid-slope and down-slope sites [47] . In this study, however, there are no mentions of the tree composition of the forests burned in 1932, such that it is not possible to evaluate the resilience of the preburned stands, i.e., if the postfire stands are similar to the preburned stands.
The most important ecological changes at the Duchénier site also occurred during the last centuries, given that four repetitive fires over the last thousand years seem to have maintained the floristic composition of the site, a mixed balsam fir forest where sugar maple was a companion species. According to macrocharcoal produced by fire about 200 years ago (based on radiometric data of several charcoal fragments, and corresponding to the highest probability states, and tree-ring data [40] ) the forest was dominated by conifers.
Conclusions
Soil macrocharcoal analysis at the stand scale [29, [48] [49] [50] reveals local fire history from direct evidence. The results obtained from these in situ analyses allow the comparison of sites with different topographic and edaphic conditions at the Holocene time scale. Nonetheless, when multiple sites show a similar fire and tree composition history, a regional trend can then be extrapolated. Among the major findings of this study is the relatively similar fire history of the two sugar maple sites characterized by two main fire periods, in the early Holocene, from 9700 (9500) to 5000 cal. BP, and the late Holocene, and the long quiescent fire-free interval of more than 3500 cal. years separating the two fire periods. However, both sites differed in terms of fire occurrence during the last two thousand years. The Nicolas-Riou site was impacted by fire events about 900 years ago, which gives the current sugar maple forest an old-growth status maintained in the absence of fire disturbances over the last 900 cal. years. In contrast, the Duchénier site was affected by five fires during the last 2000 cal. years, and the current sugar maple stand is a young secondary forest established after fire and clear cut disturbances over the last 200 years. Based on scarce macrofossil evidence, both sugar maple sites were occupied by a relatively homogeneous forest during the course of the Holocene, except recently, with predominant mixed stands composed of conifer species, in particular balsam fir and spruce, and occasionally by eastern white cedar, and a few broadleaf species such as birch and sugar maple. The coexistence of conifer and broadleaf stands (balsam fir and sugar maple forests) was probably maintained in this area during a large part of the Holocene. The respective dominance of structuring species such as balsam fir and sugar maple throughout the Holocene of the Lower St. Lawrence region is attributable to natural and man-made disturbance events [17, 19, 44, 45, 47, 51] which highlighted their life history traits as trans-successional tree species [22] .
